Noise reduction and contrast enhancement are the two funda mental procedures in most image processing applications. Their effectiveness often play crucial roles in the success of subsequent image operations such as feature segmentation or object recog nition. In order to obtain high quality images, the bilateral filer (BF) and the unsharp masking filter (UMF) have often been used as attractive candidates for their proven performances in noise re moval and contrast enhancement. The BF is able to remove noises while preserving edge sharpness. On the other hand, the UMF is capable of increasing image contrast. Since the BF is not designed for contrast enhancement and the UMF is not developed for noise reduction, their strengths may not be fully utilized for image qual ity improvement. In this work, the two filters are integrated in a pipelined process such that the resultant image noise is reduced while the contrast is increased. Experimental results on public domain and real-life test images demonstrate the effectiveness of the proposed approach.
Introduction
Image processing is an indispensable technique in many real world applications. For example, in video surveillance [1] , robotics [2] , remote sensing [3] , nano-technology [4] , and im age processing algorithms are used in improving the quality of a captured image before satisfactory solutions can be ob tained from these specific problems. In particular, noise re moval and contrast enhancement are among the crucial pre processing procedures that play critical roles in the effective ness of the solution methods. Enhancement of image qualities can be broadly classified into two categories, namely, frequency based and spatial based. The former class includes the his togram equalization methods and the latter includes bilateral filtering and unsharp masking filtering [5] .
The bilateral filter (BF) [6] , is renowned for its ability to re move image noises while preserving the sharpness of edges and producing a better noise-free image [7] . The BF performs well on the ground of, taking into the design, considering neighbor hood filtering and edge detection [8] . When a pixel is deter mined as on the object edge, the weighting of smoothing action for noise removal is reduced. On the contrary, smoothing is given a high priority when the pixel is not on the edge. Further more, it has been proposed, in the BF framework, an attempt to enhance the contrast by online adjustment on the filter kernels [9] , but the implementation might be complicated.
In the regard of enhancing the contrast of an image, the un sharp masking filter (UMF) [10] is an attractive candidate. This contrast enhancement filter uses a scaled high-passed portion of the input image to augment the image itself. Because of the increase in high frequency components, the result is an in crease of contrast especially around object edges [11] . While extracting the high frequency components, a number of varia tions have been proposed. These include the use of cubic [12] and Laplacian filter kernels [13] . The UMF approach, might also enhance noises appearing in the image due to the addition of the high-passed component.
The BF although is powerful in the removal of noises, its de sign has not been targeted at increasing object edge contrasts. On the other hand, the UMF is not constructed from noise re moval but is only directed towards contrast enhancement. In this work, we propose a pipelined filtering process that inte grates the merits of both BF and UMF in order to obtain an output image of reduced noise and increased contrast. Specifi cally, only the spacial smoothing for noise removal is conduct ed. The smoothed intermediate signal is further passed to an UMF for contrast enhancement.
u.s. Government work not protected by U.S. copyright This paper is organized as follows. In Sections 2 and 3, the BF and UMF concepts are introduced. Development details of the integrated image filtering process are presented in Section 4. Experiments conducted are described and results are discussed in Section 5. Finally, a conclusion is drawn in Section 6.
Bilateral Filter
The bilateral filter operates on a local neighborhood of a pix el in an input image. If a color image is given, it is usually converted into the monochrome space. For example, a RGB signal can be converted into its HSV equivalent where the V channel is used as the intensity. The intensity of the output pixel is then altered in accordance to a weighting kernel con structed from the spatial relationship and its intensity similarity to other pixels in a local window [6] . Consider the input image
where x( u , v) is the intensity at coordinate (u , v) following the raster scan convention and u = 1"" ,U, v = 1"" , V are the width and height of the image in pixels.
The pixel magnitude in the filtered output image is obtained from a convolution-like operation
The symbol I8l denotes the pixel-wise multiplica tion, and Q (u, v) is a weighting matrix. This matrix is derived from two components, one responsible for averaging the spatial neighborhood to remove noise. The other component, charac terizing the similarity among the neighbors, modifies the for mer to result in a reduction in the smoothing function. The net effect is to preserve the edges in the image. If Gaussian kernels are employed, these weighting matrices may take the following forms,
'CY exp 2lT� (3) where a 8 and a e are the standard deviations of the respective kernels determining the weighting of the smoothing and edge preserving functions, k is a normalization factor. It should be noted that other forms of kernels are possible, for example, the median filter may be used in smoothing.
Unsharp Masking Filter
The unsharp masking filter is an effective algorithm to in crease the contrast of an image particularly around objec t edges. In order to accomplish this goal, a high-passed and scaled version of the input image is added to itself. Since the high-passed signal concentrates around object edges, it results in an increase in object sharpness and consequently enhances the contrast of the output image.
Let the input image be I( u , v), and the high-passed portion be Z(u , v) = {z( u , v)}, then the filtered image becomes
where A is the scale factor. The high-passed component can be obtained by passing the input image through a high-pass k ernel. For example, the kernel may take the following form
where a E [0, 1] is a control coefficient tailoring the filter characteristics. When a = 0, we have (6) which performs high-pass filtering on the vertical and hori zontal neighborhood. If a = 1, we obtain
which performs high-pass filtering on the diagonal neighbor hood. When ° < a < 1, a mixture of filtering direction is resulted. The filtered output then becomes
On the other hand, it can be derived from subtracting a low passed version of the image from itself. The latter approach, though sacrificing the high pass fidelity, may be more immune to noise effects. In this case, we have (9) where £( U, v) is a low-pass kernel. For example, the kernel may be a scaled unity matrix of all elements being equal and sum up to unity.
It is noted that after the addition of the high-pass component to the input image, an individual pixel may has its magnitude altered to below zero or above the maximum permitted level. The occurrences of these cases may lead to clipping problems and the information content of the output image may be re duced. On the other hand, since the UMF is not designed for noise removal, it is expected that the resultant image may not be immunized from noise despite the fact that edges are sharp ened.
Integrated Filter
In order to seek for a filtering method to simultaneously re move the noise in an image and to boost the edge sharpness, a filtering procedure is proposed here. The new filter called inte grated bilateral and unsharp masking filter (IBUMP) combines the smoothing component of the BF and then the UMP. 
where noises are removed but the output is a blurred version i( u , v) of the true image without noises. The blurring, obvi ously, is caused by the low-pass characteristic of the median filter. Figure l(a) shows an noise-free image as the reference. The noise corrupted image is depicted in Fig. l(b) where the salt and pepper noise is clearly visible. The signal noise ratio (SNR) decreases from 13.6218 to 13.5915. Since it is assumed that the input image has been corrupted and there is no ground reference available, therefore the SNR is defined from the non referencing perspective and is given by
(II where (II is the standard deviation of the image. From the smoothing image, shown in Fig. 1 (c) , it can be seen that noise has been removed but the image is blurred due to the smoothing operation. The intermediate image is then fed to the UMP to enhance the edges, see equations (4) and (9) . That is, we have now i(u , v) +-Im(u , v) , (13) and the UMF process described by equation (4) is carried out.
The result is shown in Fig. l(d) indicating a higher contrast where the information content, entropy, increases from 7.2382 to 7.2678. The entropy is given by
where Pi is the probability that a pixel intensity falls within one of the 256 intensity regions for a 8-bit digital image.
Experiment
The above running example on the test image has demon strated the operation of the proposed integrated bilateral un sharp masking filter and the method is seen to be effective. In the following an extensive evaluation of the IBUMP approach will be conducted.
A collection of 100 test images is obtained from public do main, http://rOk.us/graphics/kodak/index.htrnl, and images cap tured by the authors are used in the experiment. The input im ages are given in the RGB format. In this work, we first convert them into the HSV format and extract the V-channel as the in tensity image to be processed. After contrast enhancement, the image is converted back to the RGB format where the signal to noise ratio and the entropy are calculated. These two mea surements are used to assess the performance of the IBUMF method. In essence, the experiment repeats for all test images through operations as demonstrated in the running example. Furthermore, statistics are collected on the SNR and entropy for each test image. These measurements are displayed in his tograms and their distributions are discussed. The parameters used in the tests are given in Table 1 . The statistics collecting with regard to the signal to noise ra tio are shown in Fig. 2 . In Fig. 2(a) , the distribution of the set of test image SNRs is shown. The average SNR is 12.604 and there is no obvious bias on the data except an outlier at a SNR of 19. The data set is considered representative of commonly found images. The reference input images are then superim posed with salt and pepper noises and the SNR distribution of the corrupted images is shown in Fig. 2(b) . It can be observed that the mean SNR decreases to 12.561 with the impulse noise of 0.03 density added. The statistics of the smoothing output images, using a median filter, are illustrated in Fig. 2(c) . From the observation of the distribution, it can be seen that the shape reverts back to resemble the input images while the mean value increases to 13.054. This observation indicates that the removal of noise is effective by using the median filter as expected. In Fig. 1 (d) , the statistics of the edge enhanced images are shown. The SNR now increases to 17.947 and the shape of the distribu tion tends to that of a Gaussian distribution. This observation confirms that the edge enhancement is effective where the sig nal content at the object edges have been increased thus con tributing to a higher SNR as expected from the filter design.
The performance statistics of the proposed filter in the con text of information contained in the test images are presented in Fig. 3 . The entropies of input images are shown as distribu tions in Fig. 3(a) . The mean value is 7.478. It is also noted that the distribution is biased toward the high end above the mean. In Fig. 3(b) , the entropies characteristics are shown. The mean value decreases slightly to 7.470 while the form of the distri bution remains approximately the same as the input. This fact indicates that the noise removal is effective, however, there is a loss of information due to the smoothing effect. In Fig. 3(c) , the statistics of the images output from the unsharp masking filter are shown. The average entropy increases to 7.481 illus trating the enhancement of the object edges and produces im ages of higher information content. The distribution of gains in entropy is depicted in Fig. 3(d) . The average gain is at a 0.003 and there are some images whose entropies are less than the reference image. This drawback is largely caused by the trade-off for noise removal. However, as it is evident that the entropies of the resultant images are higher than that of the first stage smoothing output.
Conclusion
In this paper, an integrated image filtering method has been proposed. The developed filter consists of the first stage of a bilateral filter and the unsharp masking filter. The two filter ing stages are operated in a sequential manner. First, noises are removed from the input image and then the edges sharp ness are increased in the second stage. The resultant output image carries a higher signal to noise ration as well as a higher information content. The proposed filter provides implementa tion simplicity and satisfactory performances in simultaneous noise reduction and contrast enhancement which are not avail able from the bilateral filter or unsharp masking filter operating in isolation. 
